
SECURITY CLASSIFICATION OF THIS PAGE 019t.n Data Entered)_________________

REPOT DCUMNTATON AGEREAD INSTRUCTIONS
REPOT DCUMNTATON AGEBEFORE COMPLETING FORM

Tv REPORT NUMBER ~2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

(aid S~btitle) S. TYPE OF REPORT & PERIOD COVERED

Technical Memo 19. "BRAGG-CELL Receiver FINAL

Study"6. PERFORMING ORG. REPORT NUMBER

StudyD-4307
7. AUTNOR(s) 0. CONTRACT OR GRANT NUMBER(a)

SigPro Systems Inc.
(Dr. Lonnie Wilson)

S. PRFOMINGORGNIZTIONNAM ANDADDESSNAS7-9 18
S. PRFOMINGORGNIZTIONNAM ANDADDESS10. PROGRAM ELEMENT. PROJECT, TASK(

AREA A WORK UNIT NUMBERS

Jet Propulsion Laboratory. ATTN: 171-209

California Institute of Technology
408A pQik r4nr~i,& BPcadnrip CA 91109 RE 182 AMEND *187
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REFORT DATE

Commander. USAICS 10 Apr 87

ATTN: ATSI-CD-SF 13. NUMBER OF PAGES

4.MOITRIG GENCY NAME 6 ADORESSQIl different from Conitrolling Office) IS. SECURITY CLASS. (of Chia report)

Commander, USAICS UCASFE

ATTN: ATSI-CD-SF I& ELAS IAIN ONRDN

7t, NI1At-bu1'a- A7 A5613-7000 SCHEDULE______NONE__

IS. DISTRIBUTION STATEMENT (of this. Report)

Approved for Public Dissemination

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, If different from Report)

IS. SUPPLEMENTARY NOTES

rrepared by Jet Propulsion Laboratory for the US Army Intelli-

gence Center and School's Combat Developer's Support Facility.

19. KEY WORDS (Continue on revrse side If necessary and identify by block number)

Bragg-Cell Radar, Frequency Response, IF Signal. Nonlinear Acoustic

Signal, Computer Simulation, Uniform and Gaussian Statistics. AO

Transducer

20. AWSTRAcT (Ctmioe a m e eta Sh If 10606y awd identify by block number)

A first-order mathematical model of the frequency measuring portior

of the Bragg-Cell radar receiver is developed in this report. This

model is implemented in a computer program (listed in the appendix) .

Various combinations of assumed uniform and Gaussian distributions

for the IF and acoustic signals are input to obtain a graphical

frequency output from t1'e modiel. C-nmrariz~.i, u'itt .... agg-Cel

output is not attempted.

to Ij 1473 EDITION Of f NOV 65 IS OBSOLETE

SECURITY CLASSIFICATION OF THtS PA.;E (Wh~en Data Er~tered)



7057-16

U.S. ARMY INTELLIGENCE CENTER AND SCHOOL
Software Analysis and Management System

BRAGG-CELL RECEIVER STUDY

EAAF

Technical Memorandum No. 19

10 April 1987

Auth •

Lonnie A. Wilson, Consultant
SigPro Systems Incorporated

^fes W. G1"llis, Subgroup Leader Edward J. Records, Supervisor
/Algorithm Analysis Subgroup USAMS Task

co 0
A . ' ' llm an , M an ag er 

0

Ground Data Systems Section

Fred V te, Manager %-..
Advanced Tactical Systems S

JET PROPULSION LABORATORY
California Institute of Technology

Pasadena, California

JPL D-4307

77)

moo=~



PREFACE
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EXECUTIVE SUMMARY

This Technical Memorandum was prepared
originally as part of the Generic ELINT/COMINT Sensor
Report (FY-86) which was elmininated under the FY-87
statement of work (SOW #2), undated (delivered to
JPL 19 November 1986).

The purpose of the Generic ELINT/COMINT Sensor
Report, of which this paper was intended (in its 0
final form) to become part of, was to establish a
basic superhetrodyne receiver based sensor model and
perform simulations with it to determine the shaping
or coloring of the statistical distributions of the
radar free-space signal parametrics by a typical
sensor prior to reaching the self-correlation
processes. It was also intended for incorporation
into the algorithm test bed so algorithms could be
tested with realistic distorted data rather than
unrealistic stastically pure data.

This work was originated in support of
unanswered questions from previous self-correlation
studies. The modeling and simulation approach was
used because "live date" could not be obtained.

This paper is being published because it was
completed in FY-86 with FY-86 funds and still serves
a useful function.

Several significant results were noted while
performing simulations on this model. The first
order math model is developed for the Bragg-cell
receiver. Whether the input distributions were
uniform or Gaussian, the output distributions were
found to be shaped so as to append a staircased S
triangular distribution.
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ABSTRACT

Bragg-cell receivers are employed in specialized Electronic Warfare

(EW) applications for the measurement of frequency. Bragg-cell receiver

characteristics are fully characterized for simple RF emitter conditions,

but less understood for complex and wideband RF emitter signals. This

receiver is early in its development cycle when compared to the IFM receiver.

Functional mathematical models are derived and presented in this

report for the Bragg-cell receiver. Theoretical analysis is presented and

digital computer signal processing results are presented for the Bragg-cell 0

receiver. Probability density function analysis are performed for output

frequency.

Probability density function distributions are observed to depart from

assumed distributions for wideband and complex RF signals. This analysis

is significant for high resolution and fine grain EW Bragg-cell receiver

systems. S
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INTRODUCTION

The development effort is for theoretical analyss, software algorithms

implementations, signal processing analysis, and test analysis for probability

density function characterization of a Bragg-cell receiver system. SigPro

Systems Inc. is performing this work under JPL Contract No. 957474, Mod.

No. 1.

This final report describes the completed study on the Bragg-cell d

receiver. A functional mathematical model is derived for the receiver.

This math model is implemented into digital computer software and signal

processing analyses are performed.

Theoretical analysis is developed for the Bragg-cell receiver. Ideal

and practical subsystem implementations are presented and analyzed. The

key ELINT parameter of interest is frequency, hence, the theoretical analysis

presents the basic analysis approach for frequency. Probability density

function analysis is presented for first-order subsystem model

The theoretical model for the Bragg-cell is developed into a digital

computer program. All computer programs are listed in Appendix A.

Signal processing analysis is performed using the derived first-order

model. The pdf characteristics of the Bragg-cell receiver's output frequency

are determined for assumed input frequency pdf (constant and Gaussian) M

characteristics.

4
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BRAGG CELL RECEIVER
0

INTROD UCTION

A Bragg--ell receiver is used to measure frequencies of input RF radar

pulses, with wide frequency coverage, large dynamic ranges and simultaneous

or time coincident signals. The ideal Bragg--ell receiver will measure the

frequency parameter on a single pulse basis with no distortion. Practical

Bragg-cell receivers will distort the frequency characteristic of a radar emitter

because the ideal Bragg-cell receiver characteristics are difficult to approximate 0

in real life.

The radar's frequency parameter can be characterized using a random

variable. The random variable may be quantified by the probability density

function (pdf), mean value, variance and other moments. As a radar signal

passes through the Bragg-cell receiver the random signal description is modified

or distorted by the receiver's nonlinear transfer function characteristic.

BragZ-cell receiver characterization of RP frequency will differ from actual

r.. emitter characterization by multifaceted distortion effects.

This section presents i functional description of the Bragg-cel receiver

with potential distortion sorcs and mechanism and a frst-order Bragg-ca %

receiver model is developed. This Bragg-cell receiver model Is used to analyze

the distortion of the frequency's pdf. The first-order Bragg-call receiver model •

is limited to key distortion effects.

IDEAL BRAGG-CELL RECEIVER CHARACTERIZATION

A functional block diagram of a Bragg-cell receiver is shown in Figure -

1. The basic receiver Includes an RF-to-IF downconverter, Bragg-cell with J.

AO transducer, laser source, beam expander optics, beam focusing optics,

detector array and processing electronics.

5



z

060

3_ _ iId

zz

C6C
z 1z

F-J



The RX input signal is characterized by

X (4.) COS wt Eq. 1

where

X(t) = Pulsed or CW signal,

X( (t) amplitude modulation function.IN

We fixed angular carrier frequency,

'$Lt) = phase deviation function.

The RF-to-I? downconverter is described in Reference 1. The ideal

downconverter is composed of an ideal local oscillator which is a perfect CW

signal, a perf ect product mixer, and an ideal bandpass filter. The ideal IF

signal output from the downconverter is described quantitatively by:

= xCGSW" + cv]Eq.Z 2

Equation 2 is identical to Equation 1 with the fixed angular frequency being

changed from wv to w ZF The IF center frequency is chosen to match the

center frequency of the Bragg-cell and AO transducer. Ideally the IF signal

replicates the input RE signaL The RE-to-IF downconverter Is described and

characterized In Reference 1. RF-to-I downconverter analysis will not be

presented in this report.

The IF signal drives the AO transducer which launches an acoustic signal

through the Bragg-cl Specifically, the IF electronic signal is converted

Into an acoustic wave (slow wave replication of the IF signal) which propagates

7



through the optically trnsoarent BragT-c-e1. Through the elasto-optic effect.

the acoustic wave produces a soatial modulation of the refractive index in -

the Bragg-cell (Reference 2.)

The laser source is expanded by the beam expander optics and illuminates

the Bragg-ceL As the laser Ught passes through the Bragg-cell, the refractive

index variations produced by the acoustics wave (which is a slow form replica

of the 17 signal) are impressed onto the optical signal as a spatial phase

modulation.

Focusing optics are used to equivalently Fourier transform the modulated

optical beam. Resuftant optical Fourier umsform signal is focused onto the

detector array or frequency focal. plane (see Figure 1.) The photodiode detector

array is used to capture and convert the optical signal to an electronic signal

representation. The detector array is a linear photodiode array which is

functionally used to detect and measure light intensity versus frequency- of

the transformed optical signal. The detector array Is electronically read by

the processing electronics, which also provides follow-on signal processing

functions.

The Bragg-cal modulator is depicted in Figure 2. The Incident laser

light interacts with the acoustic signaL in the cell to produce a diffracted light

Information signal along with umdeflected laser light signal. The diffracted

laser signal Is also frequency shifted by the acoustic signal frequency. The

incident laser light hits the Bragg-cell at an angle t with respect to the

a axis. The 1F electronic signal Is sent to the AO transducer to convert the

IP signal to a replica acoustic signal. The acoustic wave of frequency f

propagates with velocity vs along the x - axis in the Bragg-cell.

The diffracted laser light signal results from the AO interaction effects

between the incident laser beam and the acoustic Information bearing signal

8
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in the Bragg-cell. Maximum diffracted laser light energy occurs in the first

order beam when (Reference 2):

%4S Eq. 3.

and

Eq. 4

where

= Wavelength of laser light

S= Frequency of acoustic wave

\/ = Velocity of acoustic wave in Bragg-cell along the

X-axis.

=i Effective angle of incident laser light.

= Effective angle of first order diffracted laser light

information signal.

Detailed Bragg-cell analysis would require AO cell refractive index

variations analysis for precise quantification. This first order Bragg-iell model "

does not require this detailed analysis. Functionally the Bragg-cell model

is accurate and conceptually clear for the external angles e i and ed.

Bragg-cell processors are, in general, configured so that ei<< 0.1

radian, hence, Equation 3 can be readily and accurately simplified to:

LL

0-



V3 Eq. 5.

Using Equation 4 and 5, the following equation for the effective angle

of the first order diffracted laser Ught information signal is:

Equation 6 reveals that 9Gd varies directly with the acoustic wave frequency.

As stated earlier, the IF signal frequency is related to the acoustic wave

frequency by: (Reference 2) 0

K ~Eq. 7.

S

where K is a constant.

Equation 8 results by combining Equations 6 and 7,

s \42 q. L

Equation 8 shows that ad varies directly with the IF signal carrier frequency.

The actual displacement of the diffracted laser Information signal from

the undeflected laser light (see Figure 2) is given by (Reference 2.)

1 Eq.LAsv
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where F is the focal length of the focusing optics.

A fixed Bragg-cell receiver will result in Equation 9 reducing to:

KI = Eq. 10

The actual displacement, d, of the diffracted laser beam relative to

the undeflected laser light passing through the Bragg-cell is directly proportional

to the IT frequency of the input IF electronic signal The diffracted laser

beam will hit the Linear detector array at a specific location which corresponds

to one IF frequency. The Bragg-cell receiver is calibrated by varying the IF

frequency of the input IF signal over the entire operating bandwidth and

capturing and analyzing the electrical output signal from the linear detector

array. Detector array element signal versus IF frequency characteristic is

used to quantify the Bragg-cell receiver's frequency measurement performance. "p

The undeflected laser light is (the zero-order output from the Bragg-cell)

described by:

QLt L.)COSr + ~ Eq. 11.

where

Ajt) - undeflected laser light signal.

Let -U amplitude or intensity of undeflected laser light signal

laser light frequency

phase variations on laser light signal.

The diffracted laser information signal is quantified mathematically

as:

12
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where

-W i1 t-| = Diffracted laser information signal.

LI( ) = Amplitude or intensity of diffracted laser information signal.

4A 4; = Frequency of information signal.

'(t) = Phase variations of information signal.

Equation 12 reveals that the diffracted laser output signal is frequency

shifted. The frequency shift is produced by the laser liht signal and acoustic

signal interaction in the Bragg-cel.

The Bragg-cell receiver is conceptually a parallel, multi-channel spectrum

analyzer, which determines the Fourier magnitude spectrum of the input IF

signal. The electronic circuit model for the Bragg-cell receiver is depicted

in FWgure 3. The IF signal input is applied to a parallel narrowband filter bank

with an associated diode detector and filter bank. Each output signal is a

power or energy indicator of the IF signal spectral content in each selected

narrowband filter.

PRACTICAL BRAGG-CELL RECEIVERS

The ideal Bragg-cell receiver is characterized in the previous section,

with the measured frequency being derived from Equations 9, 10, and 12.

This section will Identify and briefly present some key differences between

practical Bragg-cell receivers and the ideal bragg-cell receiver. The Bragg-cell

receiver, shown in Figure 1, s a reference for this discussion.

13
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BRAGG CELL

The ideal Bragg-cell is assumed to have an undistorted acoustic signal

replica (at acoustic frequency) of the IF input signal propagating through theS

cell. The AO transducer provides this electronic IF signal to acoustic signal

conversion. The AO transducer has transfer function nonlinearities, which

produces unwanted and added acoustic signal components. Simple sinusoidal

electronic signals are subject to minor variations, while complex and wideband

signals may be significantly distorted by the nonlinear transducer action.

The ideal Bragg-cell is assumed to provide a perfect acoustic signal

termination, at the far end of the cell. In general, the acoustic signal

termination is not perfect, which cause low level acoustic signal reflections

and distortion generated signal components to propagate back through the 0

cell. These reflected acoustic signals are considered as additional distortion

sources, hence, variations in the diffracted laser information signal can be

expected.

Actual distortion effects are determined by AO transducer nonlinearities,

reflected acoustic signal levels, total acoustic signal parameter descriptors

and Bragg-cell properties. The complete acoustic signal's instantaneous

frequency is determined by amplitudes, frequencies, and phases of desired

acoustic signal, undesired reflected acoustic signals and nonlinearly generated

and unwanted acoustic signals. Frequency variations produced by instantaneous

frequency changes will produce angle variations in the diffracted laser

information signal; thus, frequency measurement errors in the Bragg-cell

receiver.

15
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LASER SOURCE

The laser light source is ideally assumed to be constant amplitude and I
fixed frequenty signal. Actual laser sources can have some minor frequency

shifts. Minor frequency shifts will results in small angle variations in the

diffracted laser information signal. (See Equation 3.)

Frequency variations will widen the effective spotsize and change the

angle of the diffracted laser beam, which means the light energy may be spread

over more detector elements in the linear detector array.

The laser light signal does not have a constant intensity or amplitude.

The amplitude is quantified by deterministic and random signal components.

These amplitude variations will result in diffracted laser information signal

intensity level variations at the detector plane.

Beam expander optics and diffraction signal focusing optics are

fundamental modules in the Bragg-cell receiver. Beam expander optics shape

the coherent laser beam to illuminate one entire side of the Bragg-cell. This

beam expansion provides a long path interaction between the acoustic signal

and laser light within the Bragg-cell. Beam expander optics and laser source

are positioned so that the laser light strikes the cell at the Bragg angle.

Nonlinearities, positional variations, and rotational variations in the beam

expander optics can produce amplitude and angle variations n the diffracted

laser Information signal. These errors are usually very small for well-designed

optics.

Focusing optics are used as the so-called Fourier transform lens. The

_ragg-cel Is positioned In the front focal plane of the lens. The photodetector

'.J
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array is positioned at the back focal plane of the lense. (Reference 3.) Again,

nonlnearities and location variations in the focusing optics variations can

produce intensity and angle variations in the diffracted laser information signal.

These errors are also very small in weIl-designed optics.

DETECTOR ARRAY

The ideal detector array is assumed to be a long linear array with high

frequency resolution and sensitivity. Practical Bragg-cel receivers use long

linear photodiode arrays, where typically 512 or 1024 photodiodes are closely

spaced along the array length.

Figure 4 presents an illustration of two diffracted laser information

signals striking the photodetector array at two different diodes (two different

frequencies.) In actual practice, the light spotsize for each beam is larger

than the area of one photodiode; hence, the light spills onto the area between

detectors and also onto adjacent detectors.

Diffracted laser information signal angle variations (frequency variations)

produce energy spread over several or many photodiode cells. Each photodiode

cell is used to determine the signal energy in resolved and calibrated frequency

space. The photodetector array is electronically readout to determine frequency 5

and amplitude information for each diffracted laser light information signaL

The photodetector array is functionally and practically described as a frequency

sampling unit, with 512 to 1024 frequency bins. Each photodiode determines S

the elemental frequency resolution.

Bragg-cel receivers can accurately measure frequencies of time coincident

or time overlapped signals, which is a big advantage over other receivers,

such as the I'M receiver. These receivers are available with bandwidths to

approximately 1 GHz, and frequency resolutions of 100 KHz to 10 MHz. The

17
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I0
Bragg-cel receiver's dynamic range is approximately 30 to 40 db. .vith the

photodetector array's dynamic range being the critical limiting factor.

PROBABILITY DENSITY FUNCTION ANALYSES

BRAGG-CELL RECZIVER

The prooaoility density function (pdf) of the Brag -cell receiver's measured

frequency parameter is considered in this section. The pdf characteristic

is develooed for a first order Bragg-.ell receiver model under high

signal-to-noise ratio conditions. The r signal's frequency characteristic is

assumed to have a constant pdf or a Gaussian pdf.

Ideal and practical Bragg-ceUl receivers are discussed earier in this report,

and c.haracteristics equations are provided for the ideal receiver. The Bragg-cell

and AO transducer are key producers of first-order distortion effects. Distortion

effects include AO transducer nonlinearities and reflected acoustic signals

returning from the far end of the BragI-cel This analysis assumed that acoustic

signals generated by AO transducer nonlinearitles are significantly larger than

reflected acoustic signals.

The ideal Bragg-cell receiver contains a single acoustic signal

COS) .2T 9i Eq. 13

which results In the diffracted laser information signal given in Equation 12.

f is the frequency of the acoustic signal, which is directly related to the

frequency of the input IF signal. (See Equation 7.)

AO transducer nonlInearttles are producing undesired acoustic signals

0

19
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in the Bragg--eil. Undesired or unwanted acoustic signals are described as

a cosinusoidal series of N components (harmonics and intermodulation

components at a significant energy level) which are characterized as:

LA Lt) jj Ufn(t) COsat 'T () Eq. 14.

where

LLt t Total unwanted acoustic signals in Bragg-cell. The AO

transducer will generate harmonics of fl and other

intermodulation frequency components.

Ur = Amplitude of n th. unwanted acoustic signal component.

= Frequency of a th. unwanted acoustic signal component.

Harmonics of fI and intermodulation frequency components

are present.

= Phase variations of n th. unwanted acoustic signal component.

The total acoustic signal in the Bragg-cell is found by summing Equations 13

and 14:

WUV (t)- ~

Equation 15 can be rewritten, with a lot of work, as: ,5

Eq. 6. ~

20
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where
A~t)

L

- S

Km CO -Tr

U,,m (+.)

The Instantaneous frequency variation, resulting from a (e) phase

variations In Equation 16, Is

21
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~T 1 C) b ~(t)Eq. 17.

The instantaneous frequency variation is a very complex function of

amplitudes, frequencies, and phases of all unwanted acoustic signal components

In the Bragg-celL. Equation 17 can be rewritten using the Fourier series

expansion as a fixed frequency Plus a series of harmonically related frequency

components. A first-order approximation 1s the reduction of Equation 17 to

a fixed frequency,

fIs used to approximate the resultant frequency component, which

is produced by unwanted acoustic signal components propagating in the

Bragg-celL

Resultant phase variations are approximated as

Eq. 1I.

22
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The total acoustic signal (Eq. 16) can be approidmated as:

+ Eq. 22.

Equation 12 can be easily changed to approximate unwanted acoustic

signals. The modified Equation 12 results in the following equation:

IQ1t 1  .+ + t+ A. 2

The actual displacement of the diffracted laser information signal (Equation

22) relative to the undeflected laser light Is

Equation 23 reveals that d Is a random variable since it is a summation

of two random variables f I and f 2* Conceptually, the spot size of the

diffracted laser information signal Is Increased by the unwanted acoustic signal

components. The actual displacement d Is directly calibrated to a photodiode

23
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cell in the linear detector array, which corresponds to a specified frequency

bin.

fI and f 2 are assumed to be inoependent random variables for this

analysis. Pdf characteristics o f1 ard f 2 are assumed to be either constant

or Gaussian. 1he pdf characteristic of d' is the convolution of pdf (f

and pdf (f), If the random variables are independent (Reference 4.)

where
! ':

Each frequency bin in the linear photodiode array exactly corresponds

to Ad bin coverage in displacement space.

The output frequency of the detector array is

K. 8~ Eq. 25.

Substituting Equation 25 into Equation 23, the result Is:

Eq. 2L

The Bragg-cell receivers measured output frequency can be stated in

terms of the Input IF signal's frequency by using Equations 26 and a modified

version of Equation T. The output frequency Is:

24
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where

S The equivalent IF frequency of unwanted acoustic signal

components approximated as acoustic frequency f 2 "

f is a linear combination of two random variables f andD 1sa cminto!oradm 2

which are assumed to be independent. The pdf (f0) is the convolution

of pdf (f ) and pdf ( f2 ), which is expressed mathematically as:

The pdf ( f characteristic Is functionally divided into sampled a D

bins by the photodlode cells In the linear detector array. This frequency domain

binning process Is equivalent to discrete sampling of the pdf (f 0 )

charace:ristici in At0 bin widths. At D Is the basic frequency

resolution of the Bragg-cell receiver at the linear detector array. The actual

pdf characteristic of the Bragg-cell receiver's frequency parameter Is a discrete

characteristic, which Is a function of the pdf of the IF signal frequency and

pdf characteristic of the equivalent unwanted signal components.

25
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SIGNAL PROCESSING ANALYSIS

INTRODUCTION!

Signal processing analysis results are presented in this section. The

Bragg-cell receiver model is implemented on a Hewlett Packard Integral

computer. Computer software program listings are contained in Appendix

A of this report.

Pdf analysis of the Bragg-cell receiver's frequency parameter is

performed, assuming constant and Gaussian pdf characteristics for the input

signal's IF frequency. Pdf analysis is performed for selected frequency

resolutions of the Bragg-cell receiver. Also, statistical analysis are performed

on output pdf signals and summary results are presented.

BRAGG-CELL RECEIVER MODEL RESULTS W

The Bragg-cell receiver is math modeled in the previous section.

First-order model implementation is shown to be a convolution of pdf (fI)

and pdf (f1) for the Bragg-cell receiver's output frequency pdf characteristic.2
Equation 28 is the final descriptive equation for the output frequency pdf

characteristic.

Bragg-cell receiver signal processing results are summarized in Table

1. Signal processing analysis programs are presented in Appendix A. Figures

5 through 70 contain detailed pdf plots for the Bragg-cell receiver's output

frequency parameters. These plots are made for selected pdf characteristic

of f and f2 and selected Bragg-cell receiver frequency resolutions.

Table 1 defines the input signal or fit in terms of DF1 or DF1 and

a The pdf (fIF) 13 assumed to be a constant if only a value for DF1 is given.

DF1 (MHz) indicates the frequency excursion of the input frequency (fT)

For a Gaussian pdf (fIF), DF1(MHz) and o1 (MHz) is selected as

1.166 MHz or 4.166 MHz for Gaussian pdf's. ,e

-J
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f1 is quantified in terms of DF2 or DF2 and
12

Cy The pdf(fI) is assumed to be a constant if only a value for DF2 is given.

DF2(MHz) indicates the frequency excursion of the distortion signalfl

1 
2

For a Gaussian pdf(f 2 ), DF2(MHz) and a 2 (MHz) indicates six times

sigma and standard deviation, respectively. DF2 is selected as 2, 5, 9, 15,

and 24 MHz. a 2 (MHz) is selected as 0.333, 0.833, 1.5, 2.5 and 4.0 MHz

for Gaussian pdfs.

Bragg-cell receiver frequency resolution (MHz) is chosen to be 0.5,

1.0, 2.0 or 5.0 MHz. These frequency resolution selections are readily

expected with current Bragg-cell receiver technology.

The last three columns of Table 1 contain statistical results of the

Bragg-cell receiver's output frequency. Sigma (MHz), skew and kurtosis

are computed for each output frequency pdf characteristic shown in Figure

5 through 70.

The p fd) ffcharacteristic is a stahriased tmpeida.l function for pdf(fUw)

- corstant and pdf(4 comnrtant. Figures 5 through 22 show numerous

examples of pdf(fd) characteristics for selected input signal and distortion

signal constant pdf characteristics. Pdf(fd) is observed to significantly depart

from a constant characteristic and approach a staircased triangular

characteristic as DF2 approaches DF1.

Figures 23 through 34 reveal output frequency pdf(f d ) characteristics

with Input frequency characteristics assumed to be Gaussian pdf and distortion *

A
signal frequency characteristics assumed to be constant pdf. These pdf

characteristics are staircased Gaussian characteristics. The pdf characteristic •

departs from the Gaussian characteristics as the Bragg-cell receiver's

frequency resolution is decreased.
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Figures 23 through 34 reveal output frequency pdf(fd) characteristics

with input frequency characteristics assumed to be Gaussian pdf and distortion

signal frequency characteristics assumed to be constant pdf. These pdf

characteristics are staircased Gaussian characteristics. The pdf characteristic

departs from the Gaussian characteristics as the Bragg-cell receiver's

frequency resolution is decreased.

Figures 35 through 52 reveal output frequency pdf(fd) characteristics

with input frequency characteristics assumed to be constant pdf and distortion

signal frequency characteristics assumed to be Gaussian pdf. For most

example plots the long constant pdf characteristic of the input frequency

tends to dominate the overall pdf characteristic. The pdf characteristics

are approximately a staircased trapezoidal characteristic.

The pdf(f d) characteristic is a staircased Gaussian function for pdf(f I)

= Gaussian and pdf(f 1 ) = Gaussian. Figures 53 through 70 show numerous

examples of pdf(fd ) for selected input signal and distortion signal frequency

characteristics. Pdf(fd) is observed to be close to a Gaussian characteristic

for all DF2 and DFI selections. For low frequency resolution in the

Bragg-cell receiver, the pdf characteristic departs from a Gaussian

characteristic.

32

, l. ,



o I,

o I I i I

<C4

L

OCO

-a IF=

-

a. -b .C~ a

L6 I

U& R ~

0 CC " c m r C5)
ci N 0 0m cc 0 LM "r N - 0

831 X (CJ) Pd

33

. V.r



~JIN

L

Cni

LU.

-WI

4J a Co C? 0 C0 - ' 0

O-W s

831 X (P.s) 4Pd

34

Nw6;,



OTS

Lno

>. t.6 OS

<cC

> COS

1-.

LU r- Bair

U-

u U.

Lo 'A

35



v =j~1

rJ.

=L
U, IS

LO Aos
Ln SOS>.195.
_E o
< 

oZf LL.5~
< J.

u~r--

LL5v

u U

U.U



Lo SOS

ZL.

.
U. w

0 R

008

<S

al we

37

', %:'v',. V. %9~ Va



Ull

WeZ gos

<N
L6

LL L6 P.

rUJ

04

LI-

uw0 I 2::
U ci X..

o 6)

u 0 cm tfo E%- 0 0 N 0
r- 0 U, wp M N 0

83T X (F.)JPd

38



FW

SOS

IL
<

LL - ns

L I> L) OCS

.1 R

LLI
(uO

<~ F ~ W ism,

0o..-
CM~ Co M N - -

0LA. O U ~ ~ ~

83m Xd (PAzP Cd04

fill 31 X (P-i .40

39



0

<1zU.

>5

UF
L6.

I-ige

s I 4w

0 5 Zvp

831 X (P-i)dPd

40



IROS

>L acs

aL

~L

0

0 CD r c nW 0

831 X CPi) 4Pd

41



(I n USI& S

-I

,L. -T

< .....................

06
0L CY - T - ( - I

SOS.

LdI

- Say u' ~ '



* ".

Ln1

USS

Z =6

~LLi (

> 
ms

Ie I 4U. w s.. Ni
Lfl CD ~- Cn umv

u p CV Cl CU C

sell
*-.-

43

v v.



Ul vi

IJL m

csm

WI

ori

-L en I 

- a . n e

tn z

r-~Y tv t- to to 1%
LM cc r- cv N W n ca 0

831 X (RD )4Pd3

44



LA.

IN STS

<.

OS

- F-
LLLo I-

La.
<1

x~

co0

-W N



0u~ xm

0 __ ____ ____ ___ ____ ____ ____ ___

L 1

<=
z STS

LI,'

LLI L7 __.

0 ' h..a1 4

Sin'L6 ~
b3 A.

CM LM co N
0i cri cli cs :

83T X (RD 4Pcd

46



MM4,'

Ar-lu"I0

~CtS

<--
z

C2I

-4.v I
> AI%.f

6.~~~ r, -WI

L go~

~~ 083(0 (J Z- (W Pd

474



(JI

(J-

CLL

SO
LTN

U~U a
ev U4

- I
rLy0

~ti .Is6
0d

u ! I'l.a
fO r r

L) - 09?

N UCO(0 N~~

cyq cv (w i C%; CQ ~

831 X (P.D)4Pd

484

.,vI 1:.



OZS

CL~

0-4

05*

L i V C~ N N

U.

L6S
ACV

uj 31u

1.- 9 49

499



I2S

L.

U zM

- II

17

CD c a rv

C ,, M

00

mc ccr N

831 X (Pd) dPd

50 
p-



0k

z -

L

CLi

t.LLL. os

0I-

z Bai

Q LUL

LA. o m

o L c

(JoJ<Le .
(2 C x

x ; M I

d - ui 4 t r i 4' 6
NM N N --

831 X (P- ).iPd

51

qc



o ~SY

(%nn

-IlCS

SOS

. LL. 
gI

L.W LL
2

a --

L6w c'w f Y o a o w

Nj W I

83a XM cc:3'
u Q1

L6. ca52



SOS

<

< sI

zos 4
Li.

UJ

L6~

(.i 0 ~ 0 I

LoL. I - o

L~o~ 4c

mu
m cm 0) cm
cm en co COl to ~

831 X CP.) 4Pd

53

rimp..



<u gos

LL~

LCd

> 00

0

gCzi

u~ Q

U54

LDI

Lo z . 0 Mi



- IL

zU-

z laos
96L 0P

C-

U- N

Ld . 0 0 O U)~N - 0 6

i ~ U.. tauc1 ..

All - 251

oar

c~
cm cc 0 Ln m N~



<NN I

cmc

~ols

(. L *

U,

LL L6



02S

L6K

1

zz

LL L6 ots
C~

SOS
xUu r1

(Wn
uj

> OloC z
u1-
W6UU

57~

LL.
Lu. *.o CC

11 CK

c



0f r : 7 ~~CV

o ________

<f
(fC' oSS

-JOT

CL6

SOS

uj-

U. t

0 4c~c
Lo CL a ~ o~~

831 X (P~i) Pd

58

...........



I II I lp

av

= 7

zU..

U.

S?
LL .

ud uuq ' i

59~

LL4

- - .,



U'I

<N

-

0L U.~

I

u ai

UI

L6 60

IVI-



%A

02S

U. ~

C
CL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-j05

Ld 09 s

WL.

Ln~ ~ ~ r- ( M C 0

831 X (Pzd) -Pd

61~



<N t

z~ U- STS

U- U-

~'SOS

U.

01 0Y 5N - f

J0 - ~ N W (~0

L N -d0

As set,

I I
a 62

9- o'



Ul'

SOSC

L6h
LA

U- U.

.- I

Sat

pL T
LL. ________________________________________________ %-,

ga

Lij(O C ~0 0'h
a) 0! WA C!, W! Va

< I.--

63



- - - -TS

tn*1

C~j SO

ILL.

ILLV
CL~

Co
:94 2- ~0 0S
cnN-

L d q-

64 -

A4'-f



o OS

<

LLL 410S

rrl

U.

Gar.

(P)OP

< I. !NC us I

c~65

M~ l

~ ~ ~ n'~4f .~.(-~-.%~r~'in%~t ~ ~~Oar~



cnf 1

0-804

Lf) SOS

-o.-
-16

<.

Z) L.6 gOUoV

<~c~C; ~0-

U_ X(~)P

Z. t'4

u66
>&

- - '00S



T0

OTS

>. SOS

<N

LL L

U

> COS

< - art

0 Vnm
83 X(J. .P

"N

U 0 6-



- L - -

WV

Ali SO

S _ __ __

<C

Z U. SOS

>L200S

01.. 
'-

L~ou

g.. UJ

L68



SOS

< .90S py

~LL VO

~LJ -

-U-
WI a L

gVs

I- L

< 1% 1. 0 %

M M

831 X (P.D -Pd

69



L&U.

0-J

LU =) E NY N-

70 UE!



7 nin 

WVI"T0

LA.LLu.=

> L0

IRVuj 0 -

LA.

C4 Vat

5 ca

831 X (PJ)JPd

715



N Lz

Z LL. 
'

LL.'

SS

-U A

U. 9

<7

M~



0602

ZI LA.L STS

L

I _ SOSC 1
LU4

>w0

01

0510

L or. Ulf
U ~ Il 0 ~ - C f

SL .S7.
u 0 Nm r* m -

S3T X (P.J) JPd

73

%S



02S-

L.6.

<0:

ILL& 1 01

SOS

omf~ ff

0~ Sal.? '.N'

r.LUU 7 a i N

Wq LM (7 cii N cc-

831 X (P-D)4Pd

;

..........
m m~



>L6.
LI.* 

%

L6 OTS
LL- ~ p= C2~

w-
SOS

,.LP%

. Lw-LsI. - V.

>j Oc1

-j~

o01

C.j~ Uo Ln m* (Y M O t N w q

831 X (PzD )4Pd .- ?

75 * h



002

C2 = I

LIi

LJ0 51?

p~ ~ C.0 A In em m~I

U. a.

Lo6

CL1
LD % %- - .



L6 US

< 0l

cncs

> -C

~oos

LU
U 0

LLLL.

U 0 S

I.-.

L) -Ln m m L

0 0 ~ u1~-0 r- m

tv cii v5i C.- -

831 X (Pzi) Pd VV

77Sb

%.
oil~



LnE

~ccS

CL

LL.

>, Cos

0 u

LL..

78~

.5.-

U. CD In 0~V.55.V?

Lo~



>. 02S

SOS

NO N

00

U, I

L6)

L.

c58

o ~ c cm CO m w

831 X (PJ) -Pd

79'



-

<- 
SOS

z LL.
<- L6.

1L . 1- N

C2 0~CLm

0 IN,

Les uj

LdP

V~~c 
...v~ 

I' V



* K - -

- *n

L6 SOS

<S

ZN gos

ZL6

,.c

L±j~

~LU
U d

2oI 

-I
_j~

Laco
U- L)c r

Im ca co A
u~ p

< 
-

-C 3

N N N - -

831 X (P. ) zPd

%S k

81
%sJ

S ~ .... ~ -%



54

N U- gos

LL 1

> Cs z
-w

V2 .- ,
4).

LL..

LflL

U Q

92 c-

0 82

Lo U. U

Lo ka Ea



OTS

Ln "

-4

-j
<N gos0

L

CLU
I',s

Ld.u
LL ~ .

U,Iu
L) nO~NI

cm N M cm N LM ccf

831 X (P- ) Pd

83

NN



t. ,

U. SOS

zU. o

0

CL
.2OS

leA.

CL. J N Bar- -

83 X1 (PdI M

0.6

Car.



LA

lbl

1% BOG

< U.

zIos

U.

u LL. r IMP

C<2 S

m

m cs N a; r-: CI O61f

831 X (PzD )4Pd

85

. . .
.



G~s

< (J6

z - ms

zos

Lj

L6 CD

-I-I

-~~c C" ~. c~

831 X (P. ) Pd

86

1 1%:--/. JJ



ols

z 16 go

<- a

U.S

> ~Cos

-I

LLo~

cc 0
in cc cc c - C C c c 3

-z -r Vnr y

87

WK%

7"S



SOSS

0- u.

<

LL..

LLI& 'S.

u Vi

u -

Lio.

U IL A .9 I Isz Z5

WLL en=2 - --
Ca. = 8n c n t n0I

Q n n o c - rwUn C

83 XO..)4P

884

IU o



LL.4

- - -.

LL.4

LL. 
C

- -zos r1

L I .4.4.

-j 0

CU 6 .

-J

I4 UtI i
-I 

%83 X25V)dP
Uh~< 4A =

W8

V ~ ~ r ui ty CA r- ' 4* 4. m 4- 4* . * . * . ~ 4*



sLi'

QzS
>- L

<N

CLI

SOS .

La..

L6.

051

(2o ~om N-Sa
LL. cr N ON

N CCD - -0

0; Q C t ~ C)

90 5 5

M ' (A ~\S ~ *S~5



z L& STS

<r~

LL OTS

C~

SOS

LSU

>i L :c z
u "

8U A P)P

91 St L



IS

(L.6 - zs
La.

.

~.NJ

1-4

It I - - se ILL

cara

L92

-V fo InP



F0 0

<N

LL~ OTS

CLz
Ct9

=L
>S

~~o z %J .

63 X(d)P

4093



I L szs
Ln

UU

Ze L6 TS

L

> ocs
u= sa

call

-i a 16n- A ; 0; ric

83! X (P J) .Pd

94



UlSz

L6Sz

Z L6 STS

L6.

Q~z 
SOS

-J.
>S

ms z
LdI

ue, w
u , 

L

95~

*vw **.



(IUs

<-

.

COS

U,

U.~

831 X (Pz)D Pd

96



-j 
0

U. OTS

> ms z
Lsts

U, Lj.

cc~
u 0 -q = ra- rj se

831 1 (: J -

97



0 4-S

< SS

oU.

It.
LWo
> Co

U Ifl

Ld !2dv4 q v

83 Xh (Po)

L6 cl; e98

S r



CONCLUSIONS

Bragg-cell receivers can accurately measure frequencies of time

coincident and time overlapped RF signals, which is a big advantage over

other receiver types. Bragg-cell receivers are available with bandwidths

to approdmately 1 GHz, and frequency resolutions of 100 KHz to 10 MHz.

The Bragg-cell receiver's frequency parameter is analyzed and results

are presented in this report. Probability density function analysis and

statistical analysis results are presented for this receiver for selected

frequency resolution capabilities.

The first order math model is developed for the Bragg-cell receiver.

The input signal's frequency is assumed to be a constant pdf or Gaussian

pdf characteristic. The primary distortion signal is generated by nonlinear

acoustic transducer characteristics. The distortion signal is also assumed

to have a constant pdf or Gaussian pdf characteristic.

Staircased pdf characteristics are observed for all pdf frequency

characteristics. The staircased function is Introduced by the frequency

sampling of the photodiode detector array used in the Bragg-cell receiver.

The output frequency pdf characteristic s observed to depart from the input

signal's frequency pdf characteristic for many of the wideband RF signal

cases and wideband distortion signals produced by the AO transducer.

Distortion signals with large DF2 values can significantly change the S

output frequency's pdf characteristic. Also, the frequency sampling

(or detector frequency resolution) at the detector can further distort

the pdf characteristic. Low frequency resolution at the detector produces

the most significant distortions. EW emitter classification and EW

direction finding systems can be affected by Bragg-cell receiver distortions.

These distortions are especially Important for widebantl radar emitters.
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Math model validation is recommended tor the Bragg-cell receiver.

Model validations are readily performed using an actual Bragg-cell receiver

and associated test equipment.
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APPENDIX A
BRAGG-CELL RECEIVER

CONVOLUTION PROGRAM

10 "BRAGG" PROGRAM
20 RAGG-CELL RECEIVER ANALYSIS

40 CONVOLUTION OF FI ARRAY AND FZ ARRAY
40 THIS VERSION PERMITS STORAGE OF CONVOLVED ARRAY WITH ITS FREQUENCY AXIS
SO STORAGE I-AXES PLACE PRIOR TO0 PLOTTING--A STRING NAMED INFOS IS ALSO
60 STORED--SHOULD CONTAIN MINIMUM INFORMATION ON STORED DRTA
7Q PLOT BOTH I&NPUT ARRAYS ON K AXIS
80 PLOT CONVOLUTION ON FREQUENCY AXIS
30 LABEL TOTAL VALUES FOUND IN CONVOLUTION ARRAY
100 ARRAYS NAY BE ANY COMBINATION OF FLAT/GAUSSIAN
I10 DECEMBER 1386
14^0 1ISP 00 YOU WANT TO0 SAVE CONVOLVED ARRAYST" a LINPUT "ENTER YINr,XPI
,30 !IF KPSC(I , I '" THEN GOSUB KEEP J
140 015? "ENTER INTESER LENGTH OF LONG ARRAY" a INPUT OFI
ISO !0159 "ENTER LENGTH OF SHORT ARRAY" a INPUT OFI NUTOF

ISO 1SP"MAE TESEENTRIES IN MHZ"
10 0159 ENTER DELTA FREQUENCY FOR THE LONG ARRAY" 2INU OFF

180 O159 "ENTER DELTA FREQUENCYs FOR T HE SHORT ARRAY" A INPUTOF
130 O0FZ=OF1/(CFI/OFFZ) a nwCFI*Z I SGF1OCFFI*10M8/S a SGFLOaOFFZoI0@0M0/6
ZOO O159 "FinDFII" OF2s";OF;"' Nu";N 0 NMIR1/(SGF1.SQR("1oPI))
210 OPTION BASE 1 a RAO a NMRLOuI/(SGFLOoSQRCZoPI)) 0 MUsS 00
2 OIM PX(SOG).PM(SOO).PY(499),TSE(8ZI,T1ISE SZ F((S0@).X( SO), Y(Sft;INFOSE go]

230 LINPUT "ENTER n<80 CHARACTERS DESCRIBING DATA",*INFOS
Z40 REDIM PY(N-1),FX(N-1),PX(N),PHCN)
2602 FOR K-I TO N ! FILL INPUT ARRAYS WITH ZEROES
260 PX(K)no A PMCK)no
,.,0 NEXT K
4.80 DISP "*****PICX COMBINATIONeOe'.
230o DISP I -BOTH ARRAYS FLAT"
300 OISP * 2-SHORT FLAT. LONG GAUSSIAN-
310 0159 3-LONG FLAT, SHORT GAUSSIAN"
320o OISP 4-BOTH GAUSSIAN"
330 0199 "ENTER YOUR CHOICE" I INPUT PIC
340 IF PIC2Z THEN SHRT
360 IF PIC04 THEN GOSUB ARZ
360 LSTEPw1
370§ FOR Kai TO N\2 IMAKES FLAT LONG ARRAY
.380 PH(K~nt/(OFt-l)
396 NEXT K
400 SHRT: IMAKES FLAT SHORT ARRAY
410 IF PIC*3 THEN GOSUB AR3
42 0 SSTEPmI
430 FOR X=N/4-0FZ/Z TO N/4.OFZ/Z
440 PXCK)n1/(DF",-l)
4S0 NEXT K o
460 IF PICx' THEN GOSUB3 ARE
419 CNVLV:
466 YTOTm48
496 FOR Kul TO N-I
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SIC STiL=So.-OjFFI 2 STPL=SOG0FFI 2 STZL(STPL-STL)/(N-1) 0 IVAL=STL+STZL/Z
520 FOR Jul rn K(
530 YSUMiYSUYI4PXCJ')*PM(K-J+1)
540 PY(K,1uYSUfl/('STZL*IO000)

3550 IF 9 300 SOOQ THEN DISP KX=;g

580 FOR Kai TO N- ! MA~ KE FREO ARRAY FOR XAXIS
S90 FX(K)aIVRL

900 VAL*t'DAL+S'14L,
510 NEXT K
szo suMNOu
S30 FOR Kul 1-O 1- Z INTEGRATE
640 XS=(FX(X+1 )-FXA(K) I *1000000

680 YSa(PY(K)l+P~Y(K+1 ))/Z
6503 sJIIYSS+ SUMY0
670 NEXT KC
680 OISP "SUMU.;SUMY
690 ,IF KIP1C1,1s=Y TH4EN SOSUB KPI
700 CHOICE; PICK PLOT
710 OISP 1-PLOT BOTH ORIGINAL ARRAYS SAMlE AXIS"

7ZO 'vISP Z-PLOT CONVOLUTION ON FREQUENCY AXIS-

,'aOS 3- EXIT PROGRAM'" YN P

140 OSP 4STE DATA"

760 F C=4 HENGOSUS KLTP

910 IF CHmZ HE GOSUB PLT3
820 PLOTTER IS I I PEN -1 A SCLEAR I LOCATE 30, 170,,-S,90
830 YluG I Y&aAMAXY)ol.1 I X1-STL 11 XZ*STPL
840 START:
850 SCALE X1.X2.Y1,YZ
860 FXO Z I LAXES (XZ-Xl)/10,(Y2-Y')/10,XI,Yl

86XAXIS YZ.(X-2Xl)/ISXI:X2 AN CL

890 IIORCAT: I ADMR AASM CL
900 IF CH-1 THEN 350
910 IF CH4 THEN 950
9201 DISP "ENTER BRAN-RECEIVER FREQUENCY RESOLUTION"
930 INPUT RES
940 KRESINT(RES/(Z#OFFI/N))

950 FO Kl TO TOP

960 PLOT XCK).YCK) I IF CHa1 THEN 1040
974 IF CH4 THEN t040
990 FOR Lal TO ICRES
990 IF K+L>sTOP THEN 1060
1000 PLOT X(K.L),YCK)
101, NEXT L
I1,2Z0 KmK+L-2
1030 L-1t
1040 NEXT K
1050 IF HPos-Y" THEN EPLOT
IgG IF CH-1 THEN GOSUS FLTZ
1070 IF CH&4 THEN PLOUT 103



1060 ?.1AGE CCSTANT POP FOR F1, O~-O..CONSTANT POP FOR FZ C FF~w-O.o

iQ :MAGE "CONSTANT POP FOR F1, OF-,1OO GAUSSIAN POP FOR FZ O Fr-,'O0.o

1100 IMAGE "GAUSSIAN POP FOR F I OFla "013.0." CONSTANT POT FOR PIZ, OFP2-,O3.

1610 IMAGE "GAUSSIAN POPF FOR F1, C~im-,0.O." GAUSSIAN POF FOR P2 * FFZ=u.OO.
0 ,*
1120 Ta--BRAGG-CELL RECEIVER POP ANALYSIS- I CSIZE 3.3.1
1130 LORS S I MOVE XZ-(XZ-Xl)/,YZN(Y--Yfl/g 2 LABEL USING -X TS
1140 CSIZE 3
11S0 MOVE XZ-(XZ-X1 1/Z.YZ+(YZ-Yl WS 4I IF P10-i THEN LABEL USING 14MG OFF1,OFF
z a CSIZE 3
11603 IF Prc-3 THrEN LABEL USING ?090 *OFF1 OFFZ 8 CSIZE 4
!l70 IF PIC=Z THEN LABEL USING 1100 OFDFI OFFZ I CSIZE 4
1180 IF PIC-4 THEN LABEL USING t11108 OFF? ,OFFZ I CSIZE 4
1190 MO1VE XZ.-(X-Xl )I-.Yl-'YZ-Yl )/S 9 LABEL USILNG -X- i *FD IN MHZ
1ZQQ -VVE Xl-(X-X/y-1.2-YZAy)/Z 2 OEG a LOIR 3001 LABEL USING K" ;Pdf(FO)
X IES"
1210 IMAGE "TOTALs'.OO.01D
1=0 MOVE XI Yl-(YZ-yl)/S I LDIR 0 0 LORS Z I LABEL USING 1@0 SLIMY
1230 PLOUT:
iZ40 LINPIJT "OU'P GRAPHICST Y/N",OGS
1IM IF CG-"Yf THEN 13UMP GRAPHICS
1280 EPLOT:
1270Q HpsN."
1Z80 LINPUT *PLOT ON EXTERNAL CEVIC? Y/N",PLES
1"130 IF PL.ESU"Y- THEN PLOTTER IS 706 4 PEN I I LOCATE 30.110,23,89 I GOTO START
1300 IF CH-4 OR CH-Z THEN CHOICE
1310 SEE? IS0,3001 O ISP "ODONE"
13"2O END
1330 PLTI: I PLOT SHORT ARRAY
1340 REDIM XCN).Y(N)
1350 IF CHI1 THEN MULTI ELSE MULTI860
1360 FOR Kul TO N IFILL X AND Y ARRAYS
1370 X(K)=K It YCK)sPXCK)*NULT
1380 NEXT K
1390 Xl.? I XZ2.N I Ylu4) I YZaAMAX(Y)o..1 I TOPwN 0 LINE TYPE 1
1440 PLOTTER IS 1 4 PEN -1 1 SCLEAR 0 LOCATE 30, 17§.S2S,
1410 SOTO START
1420Q RETURN
1430 PLTZ: I PLOT LONG ARRAY SAMl SCALE
1440 TINUIT ARRAYS"
1490 IMAGE OCONSTANT ARRAY FOR Fl. OWl-"01.O,' CONSTANT ARRAY FOR F? OFF=.

1480 IMAGE "CONSTANT ARRAY FOR Fl, OF10,010.O," GAUSSIAN ARRAY FOR F? OFF?-"
00.00
1470 IMAGE "GAUSSIAN ARRAY FOR Fl. OFiso00.O,0 CONSTANT ARRAY FOR FZ , OFF?.".
00.00
1480 IMAGE OGAUSSIAN ARRAY FOR Ft. OFI-".0O.O," GAUSSIAN ARRAY FOR F? . OFF?&".

1490 LORS S
1SQ@ MOVE X2-X)r-X1/Z,YZN+YZA-Y1)/ZZ I IF PIC2Z THEN LABEL USING 1470; DFFI.DFF
z O CSIZE 4
1916 MOVE XC-I/.?Y-1fOI IF PlC01 THEN LASEL USING t4S0 ; CFFI.O3FF
ZQI CSIZE 4
1524 MOVE XZ&-(Xr4-XI)/?.YNY&-Yr)/Z§ I IF P1Cm3 THEN LABEL USING 1460 a FF? SOFF
2 I CIZE 4 104



1530 rOVE XZ-(XZ-X1 )/Z,YZ.+(YZ-YI /Z0 a IF P1C=4 THEN LABEL USING 1480 ;OFF1,OFF

Z a CSzzIE 4
1540 LORG S 4 OVIE XZ-(XAZ-Xl)/Z".Yi+(YZ"-Y1)/3 a LABEL USING X" i TS
1SO IF CH-1 THEN MULTmI ELSE MULTsIO000
1980 M OVE X1-(XZ-XI )/7,YZ-(YZ-YI )/Z a DES I LMIR 90 1 LABEL USING "X" "VALUE X

II;ULT
1570 FOR K-I TO N
1580 Y(XlnPH(K).fULT
1530 NEXT K
I6O@ CM=4 0 LINE TYPE 4S1 TOP-N
1610 SOTO lOROAT
ISZO RETURN
1630a PLT3: 1FILL CONVOLUTION ARAY
1640 REDIII X(N-1),Y(N-I)

166-3 FOR KaI TO N-I
1670 *X(K)-F)X(K1 0 Y(K~n-PY(K)*MUtLT
1680 NEXT K
1630 TOPON- 1
1700 RETURN
1710 ARZ: 'SUB-GENERATE GAUSSIAN FOR THE LONG ARRAY
177.0 Stt=MlU-3*SGFI I Stpi*tJ.3*SGF1 I ST-A.(Sto-SttU/CN\&) 2 IVLwStt
1730 FOR KwI TO N\Z4W
1740 PH(X)uNMRI.EXP((-(IVL-MU)' )/(Z.S6F1^")) 4 PIK)-PM(X)*STZ
17S0 IVLOIVL+STZ
1760 NEXT K
1770 IF P1Cu4 THEN AR3
1790) IF PIC=Z THEN CNVLV
1730 RETURN
1800 AR3: 1 SU13-GENERATE GAUSSIAN FOR THE SHORT ARRAY
1810 SttI'IU-3SGFLO I St;flU3SGFLO I STZ(Stp-Stt)/(N/4+3F,Z-(N/4-OF2/Z)) I I

I S' FOR KwN14-OFZI? TO N/4+40FZ
1830 PX()NlIROEXP(((ILU)Z)/C?.S6FLO?)) I PXC)PXCK).*ST"
1840 IVLmIVL.STZ
18660 NEXT K
1860 IF P1C=3 OR P1Cw4 THEN CNVLV
19Cog RETURN
1880 KEEP: I FILEN4AME ENTRY0
1830 OISP "FILENAM'E MUST BE ENTERED IN UNIX PATH FORM /OISCNARE/FILENAME"
1900 LINPUT "ENTER DESCRIPTIVE FILENARE-SFl
1910 CREATE FS.IZ99.Z69
1920 ASSIGS I TO FS
19S0 PRINT$ I i N,INFOS.FX( ,PYC~
1940 ASSIGN# I TO
1950 SOTO CHOICE
1960 RETURN
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APPENDIX A
BRAGG-CELL RECEIVER

PDF GENERATION & STATISTICAL ANALYSIS PROGRAM

S !9RAGGPOF THIS PROGRAM COMP'JTEZ BRAGG-CE.. RCVR. POF AND STAT:STIcS
,;a ~7HIS PROGRAM SETS 0ATA FrOI A CONVOLVOLUTION FTLE-OOES CZN '1CflS

:0 !CATA :S THEN4 PLOTTED WITH LABELL-ED CENTRAL MOMENTS. INT. s-CC.... (
:Z OPTION 3ASS
407 0 :,? FA~*v t ,~t0,.NF2S2T(
SO 315? *PL5.ASE jSE ;TLENAMES WITH O IGITS FOR OF1'
86Q LNPUT '..ETAME-?- Fg
70 ASSIGNS -i 10
ac READ: I I I I 'I-N-1
90 RE0IM FX'N*,P4(N)
100 REAOZ ; ; :NOS,X( ).PH(%
110 2OR Kai TO

? 22F''%K0
131 N EXT K
140 A)SSISNZ 70 B
i SO 015?P 2 015? :N4FcS I 013?
7I GO s T? ARENc s Pl-: S

150 '6 SEJ3F3. 0, PI-C 1
~80 :~as-s e* PIC-:

;90 !F Ps-~ THEN PIC=3
220 47 PT.-TEN~C*s
ZIZ 0F~)LFC,~ 0FL'wVAL(FSES,7 1
'-22 013P *ENTER RESOLUTION IN 14HZ I INPUT RES
ZZO XS7-INT(RES/%'Z*OFIN))

40 FM-tAfAX(FX),-APINCPX), 0 FSTPPI-0FM/(N-I .KXST I OF-FSTPPI102000. SUMZ-0
ZEC SUMYOQ 4 SUMS-0 a SUm3-G a SUM4-0
290 FOR No)1 TO N-I
470 XSm(FXK*1 -FXCKf1*0Q@00 0 YS-(PM(K)+PH(K+1 ))/Z
:so SUV1ZinsU1Z~XS~vS
290 NEXT K
300 FOR Kul TO N STEP XST
310 FX %1 X )FX( XI *1800090
323 PH(i()-PH(K* ,/SUMZ
330 SUflY=SUfY4PM(K .F(.(K )*CF
340 NEXT K
350O XI EAN-SUIY
390 FOR KaI TO N STEP XST
370 SUPIS-SUrS4(FX(K )-X1'EAN)-:.*PH(K).aF
380 NEXT K
390 NCsSUMS 0 SIOI'A-SQR(VNC)
400 FOR Kai TO N STEP XST
410 SU3SUM3.(F'X(K )-XIEAN)'3.PH(K )OF
420 SUM'4=SUf4,( FX K )-XIIEAN )'4.PH(XK).F
430 NEX(T K
440 C'13ASU'3 0 Cr414SUM4
4S0 SXEW=iC 3/U0!NI.S I KURTC%,4/VNC2Z
460 PLOTTER IS 1 0 PEN -1 SOCLEAR I LOCATE 308,176,2S.89
470 YIOQ 0 Y:-AIAX(PH)* 100000600* 1. tI 6Xt-FX( 1)1100000 0 X""XS*N/ 100000/2+529
480 START:
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P .~19 SCALE X1.xziv YI0,( Y'

SZ~ ~IRDAT:ADD M ORE OATA SAME SCALE
S42 FOR Kul TO 74 STEP XST
S3 IF K+XST'!N THEN 980

530 PLOT FXK/7000,H . 00004 PLOT XKS71006P()0000 -

5710 NEXT K
520 :M1A6E ZONS7ANT POF FOR Ft. DF1N',OD.3,* COCNSTANT POF FOR F!:, OF:.-,000.0
0
S30 :MAGE 'CONSTANT POF TOR F1 , WFis-,ZOZ GAUSSIAN POP FOR FZFF. .0.

600Q :MAGE *3AUSSZAN POF FOR F! , OF= ONT1TPFFR;-,OF:*00
w0
1810 :MAGE *SAUSS:AN POP FOR F1 , DF1-.00D.O,' GAUSSIAN POP FOR F:, OFFu.000.
00
SZ2 TWSRAGG-ELL RECEIVER POF ANALYSIS' V CSIZE 3.j.1

s~o LORG S 2 MOVE AZ-(X-l 9/~:e:v / LABE, USING X ,
.64 CSIZE 3
6501 MOVE 'A-<X~( )/6,Y+(YZ-Y1 )/IS 0 :F PICut THEN LABEL USING 580 ; OFI ,wFLO 0

530 IF P1Cm3 THENm LABEL USING S30 aOFI POPLO 0 C.3S141 E
570 F P10-I' THEN LABEL USING SO@ DPI ,DPL0 0 CSIZE
6ao IF PIC*4 THEN LABEL USING 610 a Di ,DFLO I OSIZE 4
630 M OVE X2-XZ-XI )/'2,YI-(Y'ft-YI )/S 0 LORG S I LABEL USING 'X" I *Fd IN MHZ'
700 LORGS5 0 CSZZE 404 LORG S
710 MOVE X1-(X&-XI )/"( YZ-(YZ-YI )/Z I DES 0 LDIR 90 1 LABEL USING *X a Pdt(Fd)
x~ IES*
722 LOIR 0 8 RAC
7493 IMAGE *INTE6RALw*,O.ODD'
740 IMAGE *XMEANA*.D000.D0
75a IMAGE *SIGMAN-,000.O000
760 IMAGE *SKEUj-*,SDO.ODD
770 IMAGE *XURTOSIS-*.00.DOD
710 CSIZE Z.S I LORIS
796 MOVE Xl+(X",-XI )/ZS,Y-(Yi-YI )/1@ S LABEL USING 736 SUMZ
800 LABEL USING 740 aXMEAN/1606fl1
810 LABEL USING 790 SISMA/1606g@
620 LABEL USING 768 SKEVd
830 LABEL USING 77641 KURT
840 LABEL USING 6Kw aRESOLUTIONURSi MHZ'
8150 LINPUT *DUMP GRAPHICS? Yi/r .GOMS
860 IF G0MsI,12wY* THEN DUMP GRAPHICS
870 IF EPLS*Yo THEN 906
880 LINPUT "PLOT ON EXTERNAL DEVICE? Y/N- EPLS
890 IF EPLS-Y THEN PLOTTER IS 70S 8 PEN 1 I LOCATE 30.118,2S.92 0 GOTO START
900 BEEP 300,400 0 OISP -DONE-
sic EJO
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